Response surface methodology was used to model the effect of citric acid, sodium citrate, sodium pyrophosphate, and NaCl on the total volatile basic nitrogen, instrumental texture, pH, and cooking yield of refrigerated and frozen squid. Citric acid reduced total volatile basic nitrogen and pH, increased toughness, and decreased cooking yield. Sodium pyrophosphate and sodium citrate increased the pH and improved the cooking yield. NaCl did not have a significant effect in the presence of the other additives. An optimisation study was conducted in order to minimise total volatile basic nitrogen, maximise cooking yield, and keep texture characteristics at desired levels simultaneously. The optimal solution included 0.044 M citric acid and 0.20 M sodium citrate for the refrigerated product and 0.20 M sodium citrate and 0.012 M pyrophosphate for the frozen product.
INTRODUCTION
The decreasing stocks of commonly exploited fish species has led to an increased utilization of cephalopods in recent years. [1] The world fishery production of cephalopods by major fishing areas has been estimated to be 3346.8 metric tonnes in 2001. [2] Squid catches represented around 67% of total cephalopods fisheries, while octopus and cuttlefish accounted for 9.5 and 16%, respectively. [2] Squid, because of its exceptional texture, flavour, and taste, is considered to be one of the most popular marine foods in Southeast Asia, China, Japan, Korea, and Southern Europe. [1] Squid's sensory quality declines very fast after capture, making it a highly sensitive food product. Several factors, such as physiological stage, feeding habits, size, catching methods, and storage temperature, resulted in different degradation rates among squid species. [3] Squid has a short life cycle and, therefore, its growth is rapid. This implies a high turnover rate of body proteins, which is associated with intense activities of the proteolytic enzymes. [4] These enzymes are muscle proteases, which belong to the sarcoplasmic fraction. Squid mantle muscle contains strong endogenous metalloproteases degrading the myosin molecule selectively into heavy meromyosin and light 580 AGRAFIOTI AND KATSANIDIS meromyosin while cathepsins B, L, D, and E have also been identified in squid tissue. [4] [5] [6] [7] [8] This proteolytic activity is the cause of rapid post-mortem degradation with accompanying release of high levels of nitrogen from the muscle. Thus, non-protein nitrogenous (NPN) compounds are important since many chemical indices for freshness evaluation of fish, crustaceans, and molluscs are based on changes of NPN components during storage. [8] [9] [10] Total volatile basic nitrogen (TVBN) is one of the most commonly used spoilage indices in many countries, and the maximum allowed levels in fish muscle are regulated in the EU according to Directive 95/149/EEC. The native micro-flora constitutes another important source of proteolytic enzymes; however, Vaz-Pires et al. [2] reported that the numbers of microorganisms found in the squid surface until rejection were lower than in fish, suggesting predominance of autolytic degradation.
Squid muscle autolysis can be suppressed by the addition of various food additives. Nagashima et al. [11] demonstrated that EDTA suppressed degradation of myosin-heavy chains. However, the use of EDTA as an additive for meat is not permitted by the U.S. Food & Drug Administration and by the Ministry of Health and Welfare of Japan. Citric acid is a potent chelator, forming a stable complex with divalent cations. Sodium citrate at concentrations above 0.25M almost completely inhibited the autolysis of squid mantle muscle as Kuwahara et al. [12] reported. Konno and Fukazawa reported that sodium pyrophosphate was an effective inhibitor of autolysis on squid mantle muscle because of its ability to reduce metalloprotease activity, but inhibition was not complete. [6] NaCl is often added to squid meat during processing, however, Konno and Fukazawa [6] reported that squid meat should be stored without added NaCl to reduce autolytic activity. Many other autolysis inhibitors have been investigated: phenylmethylsulfonyl fluoride (PMSF), crude potato chymotrypsin inhibitor, [6] bovine plasma extract, potato powder, [13] Na-gluconate, and Na-succinate, [12] while Ayensa et al. [13] studied the synergistic effect of some autolysis inhibitors on the proteolytic activity.
Squid is usually commercialized frozen or, less often, placed in ice for household preparation. During freezing and frozen storage, proteins undergo conformational changes that lead to their aggregation, thus rendering the muscle harder and tougher, dryer, and not succulent. [14] Also, Kagawa et al. [15] reported that penetration force decreased at 4 h of cold storage, which is considered to be rigor mortis, then increased while firmness decreased sharply in the early stage of cold storage and then continued to decrease gradually. The muscles of squid are composed of several layers of fibres running transversally to each other and are covered with several sheets of connective tissue; [16] this explains the specific toughness of the squid mantle compared to fish. Morales et al. [17] have attributed these differences to the distribution or morphology of collagen fibres in the muscle and to the content of specific collagenous components. Phosphate treatment has been shown to decrease the hardness of cooked squid. [18] The yield of edible fleshy parts in the body of squid is exceptionally high, being 60% to 80% of the total weight, depending on the species, the size of the specimen, and maturity, while the cooking loss is 25-42% and takes place mainly in the first 15 min of heating. [16] Kugino and Kugino [19] reported that cooking softened squid flesh and reduced rupture energy both in parallel and transverse breaking of circular musculature. The addition of citric acid-and the subsequent lowering of the pH-is considered to have a negative effect on cooking yield and texture.
From the above, it is clear that there is not a single additive that can prevent autolysis and improve yield. Even though the effect of each additive has been studied, the interaction of several additives used together is not yet completely understood. The objective of this work was to model and quantify the effect of the simultaneous application of different food additives (citric acid, sodium citrate, sodium pyrophosphate, and NaCl) on chemical and technological parameters, such as TVBN, cooking yield, moisture, and texture of squid, after refrigerated and frozen storage in order to optimize the squid's quality and processing yield.
EXPERIMENTAL

Materials and Sample Preparation
Squid of the species Todarodes sagittatus was used for the present study. It was caught in the Northern Aegean Sea and purchased in three batches from different catches in Thessaloniki, Greece in February 2009. Each lot was placed in boxes in alternate layers of crushed ice and transported to the laboratory. Immediately upon arrival, all specimens were eviscerated and head, tentacles, and fins were removed. The inner and outer surfaces of the mantles were briefly washed with tap water and drained on absorbent paper. Squid mantles were soaked in different solutions at 4
• C for 18 h. The ratio of squid to soaking solution was 1:2 (w/v). Citric acid (Alfa Aesar GmbH & Co. KG, Karlsruhe, Germany), tri-sodium citrate 2-hydrate (Panreac, Quimica Sau, Barcelona, Spain), anhydrous tetrasodium pyrophosphate (Sigma Chemical Co., St. Louis, MD, USA), and NaCl were used in order to prepare the solutions. The squid mantles were soaked for 18 h and then they were removed, drained on absorbent paper, and packaged in 30 × 20 cm PET/PE plastic pouches. The samples were divided into two lots, one was stored at 4
• C (chilled samples) and the other was stored at −20
• C for 45 days (frozen samples). Prior to any analysis, the frozen samples were thawed at 4
• C for 24 h. Cooking yield, moisture content, pH, and textural characteristics of the squid samples were determined after one day of storage at 4
• C, while TVBN was measured after the samples were held for 4 days at 4
• C.
Physicochemical Analysis
TVBN was determined by steam distillation according to the official EU method 95/149/EC. Pre-weighed squid mantles were placed in boiling water in a stainless steel kettle and they were boiled for 15 min. The ratio of squid to boiling water was 1:10 (w/v). After cooking, the squid was removed from the water and was allowed to obtain room temperature (25 • C). Cooking yield was determined gravimetrically by weighing the samples prior to and after cooking.
Total moisture content of the cooked squid mantles was determined in duplicate by air drying (AOAC method 950.46). [20] Ten grams of squid mantle muscle were homogenized with 90 ml of distilled water. The pH of the resulting slurry was determined using a glass electrode pH meter (Jenway 3505 pH meter; Barloworld Scientific Ltd., Essex, UK) at room temperature. All determinations were carried out in duplicate.
Instrumental Texture Analysis
Shear force tests were conducted on the mantle of the cooked squid in order to measure its toughness. The cooked mantle was cut into strips (10 mm × 40 mm × 5 mm) and the shearing direction was set perpendicular to the muscle fibers direction. [21] Toughness of each strip was measured using a TA-XT2i instrument (Stable Micro Systems, Godalming, Surrey, UK), equipped with a Warner-Bratzler shear cell, consisting of a 3-mm thick steel blade that had a 73
• V cut into it, and was fitted through a 4-mm wide slit in a small table. [22] As each squid mantle strip was compressed and cut, the maximum force (in kg of force, kgf) required to fully cut the samples was measured and recorded for each run. The test speed was set at 1 mm/sec and the analysis temperature was 25
• C. Each sample was measured at least in quadruplicate and a mean value was obtained.
Experimental Design and Statistical Analysis
Response surface methodology was used for the experimental design. Thirty experiments were conducted according to the Box-Behnken design, using four variables and three levels for each variable. The factor levels of the independent variables and the experimental design with the actual levels of the additives used are presented in Table 1 . The selected levels for the different variables were chosen on the basis of previous exploratory experiments (data not reported) and on similar results reported by other authors. [12, 18] The Table 1 Levels of factors and experimental design of the response surface methodology for the assessment of the effects of the four factors on squid cooking yield, texture, TVBN, moisture content, and pH values. Box-Behnken design was preferred over the more widely used central composite design (CCD) for the reason that the low levels of the variables were zero, and it was not possible to extend the design into negative numbers. It was also preferred over the face-centered CCD because the Box-Behnken design is rotatable whereas the face-centered CCD is not. [23] The full-term 2nd-order polynomial response surface model was fitted based on the following equation:
where β 0 , β 1 . . . β 34 represent the estimated regression coefficients and ε the random error. For the optimisation study, equal weights were assigned to all parameters, but the importance for cooking yield and TVBN was set at 2 and shear force was assigned an importance of 1. Statistical analysis of the data was done using the Minitab v. 15 statistical software (Minitab, Inc., State College, PA, USA).
RESULTS AND DISCUSSION
Model Evaluation
Analysis of variance for the examined parameters demonstrated that the linear model best described the effects of the examined factors on TVBN, moisture content, cooking yield, and instrumental texture of the chilled and frozen squid samples, while the quadratic model was more appropriate for the pH values of squid muscle. The statistically significant coefficients for the linear and quadratic models for the refrigerated and frozen samples are presented in Table 2 . The adequacy of the selected models was confirmed by the fact that the lack-of-fit estimates were not statistically significant in any case.
TVBN
CA had a significant effect on TVBN values of chilled and frozen samples (p < 0.001). Increasing CA levels resulted in lower TVBN values. As discussed previously, autolysis on squid mantle, caused by strong endogenous proteases, leads to the release of high levels of nitrogen. Table 2 shows that CA sharply decreased the TVBN values suggesting that it can act as a strong autolysis inhibitor. CA had a much greater negative impact on TVBN values of refrigerated samples than of frozen ones. A possible explanation is that during frozen storage the rate of proteolysis is diminished because of the limited enzymatic activity occurring on squid muscle. Furthermore, the activity of the endogenous proteases is expected to be lower after the freeze-thaw process. SC and PP did not affect significantly the TVBN values of the chilled or frozen samples. These results do not agree with findings of Kuwahara et al. [12] and Ayensa et al., [13] who reported that SC and PP inhibited the proteolytic activity to some extent. However, their research was conducted on myofibril preparations and muscle homogenates, respectively, and not in wholesome muscle tissue, indicating that there may be different mechanisms involved in the absorption and functionality of these compounds in the intact muscle. 
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Cooking Yield
According to Otwell and Hamann, [24] most of the shrinkage during cooking of squid mantle at 100
• C occurs within the initial 5 min of cook time, and is essentially complete in 15 min at 100
• C. Water is held within the myofibrils of the muscle cells and cooking causes disconnection and dehydration of the muscle fibrils and also shrinkage of collagen fibers of integument. [19] In the present study, CA had a negative and PP a positive effect on cooking yield of both chilled and frozen samples ( p < 0.001). The combined effect of CA and PP on cooking yield is shown in Fig. 1 . CA decreased cooking yield significantly as it lowered the pH of squid muscle near the isoelectric point of the major proteins, a point where the lowest water holding capacity and protein solubility is observed. Squid meat treated with CA was more crumbly after cooking and had the tendency to break during handling. Sikorski and Kolodziejska [16] reported that curing squid samples in a 2% acetic acid solution resulted in about 70% greater cooking loss than in control samples. On the other hand, increased levels of PP resulted in increased cooking yield values for both refrigerated and frozen samples (Table 2 ), in accordance with previously reported results by Young and Lyon. [25] Phosphates increase pH values and, consequently, the electrostatic repulsion forces between groups on the protein molecules resulting in increased hydration. The shift of the pH away from the isoelectric point of the proteins leads to the swelling of the muscle structure. SC increased the pH of the squid muscle and, thus, it had a significant positive effect on cooking yield in the refrigerated samples ( p < 0.01). NaCl did not significantly affect cooking yield. This result may seem contradicting, but it should be noted that most of the samples had pH values close to the isoelectric point of the proteins or slightly lower due to the presence of CA. In this case, the proteins exhibit a positive charge and the addition of Cl − can counteract this charge, decreasing the electrostatic repulsion and the water holding capacity of the muscle proteins. A significant positive correlation (r = 0.864, p < 0.001) was observed between cooking yield and pH values, confirming the strong connection of these two parameters. The moisture content of the cooked samples seems to be affected in the same way as cooking yield, since the effects of CA, SC, and PP are statistically significant. Besides, a significant positive correlation was observed between yield and moisture content of the cooked samples (r = 0.903, p < 0.001).
Instrumental Texture
Cooking softens squid flesh and according to Kugino and Kugino [19] the main cause of this is the collapse of the muscle layer structure. Also, solubilisation and gelatinisation of collagen during cooking causes softening of the muscle. The effect of CA was found to be significant ( p < 0.01) on the toughness of the cooked samples. CA increased shear force values for both chilled and frozen squid mantles indicating increased toughness of the cooked samples. On the other hand, PP significantly decreased shear force values ( p < 0.05), improving tenderness of the chilled squid muscle after cooking. The combined effect of CA and PP on the texture of refrigerated squid mantles is shown in Fig. 2 . PP addition did not have an effect on the texture of the frozen samples. As mentioned in the introduction, frozen storage of squid muscle results in denaturation and aggregation of myofibrillar proteins that finally leads to increased toughness. In that case, the addition of PP cannot alleviate the effect of freezing on the textural characteristics of squid muscle. However, application of PP after the freeze-thaw process may have a beneficial effect. Kolodziejska et al. [18] reported that curing defrosted squid samples in polyphosphate solutions for 18 h at 4
• C, made the cooked squid significantly more tender than the control. SC and NaCl had no effect on shear force values for cooked squid samples. Sikorski and Kolodziejska [16] reported that soaking the mantle for 15 to 17 h in 5% NaCl solution slightly decreases hardness. Shear force values are dependent-among other factors-on the cooking losses and the final moisture content of the cooked samples, so higher cooking yield and moisture content result into more tender samples. Kolodziejska et al. [18] reported that even though cooking losses are observed practically during the first 5 min at 100
• C, the toughness of the mantle continued to decrease gradually until at least 45 min cooking time was reached. In our study, there was a significant negative correlation between shear force values and cooking yield (r = −0.684, p < 0.001), moisture content (r = −0.719, p < 0.001), and pH (r = −0.670, p < 0.001) of the samples, indicating the strong interdependence among these parameters. 
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0.900, p < 0.001). These results suggest that pH is probably the main regulator of hydration of the squid muscle fibers, since elevated pH values have often been associated with improved water holding capacity and tenderness. [26, 27] The combined effect of CA and PP on the pH of squid muscle is shown in Fig. 3 .
Optimisation Study
Seafood waste management and water conservation issues have moved to the forefront of industry concerns since the 1990s. [28] Squid processing requires significant amounts of water and produces even higher amounts of waste during the brining process. A way to address this issue is to optimise the usage levels of the different additives used in squid processing, so that the desired outcome can be achieved with minimal use of additives, thus decreasing the chemical load of waste. The goals of the optimisation study were defined so that cooking yield is maximised, TVBN is minimised, and texture (shear force) is kept within set limits (target force of 1.5 kgf, based on measurements of several market samples) for both refrigerated and frozen samples. Based on the estimated coefficients from the response surface model, the optimum concentrations of the different additives that will produce the set goals for cooking yield, TVBN, and texture were calculated. Different optimal solutions were identified for refrigerated and frozen squid. Composite desirability scores were calculated for each case. The resulting factor levels and composite desirability scores are presented in Table 3 . The desirability scores represent the degree that each different solution of the equation can achieve the set goals. A desirability score of 1 indicates a solution that completely satisfies the set goals. For the refrigerated squid, the desirability score was low (0.24), indicating that there is not an ideal solution that can simultaneously minimise TVBN values and maximise cooking yield. CA was essential in suppressing TVBN values, but it affected very negatively the cooking yield and shear force values due to the pH lowering effect. For the frozen squid, the desirability score was high (0.88), indicating that this combination of additives can produce the desired outcome. The Table 3 Optimised levels of addition of CA, SC, PP, and NaCl and composite desirability scores for squid stored under refrigerated (4 • C) or frozen conditions (−20 • C). optimisation of the treatment of frozen squid is of greater interest for the food industry since most of the squid catch is marketed in the frozen state.
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CONCLUSIONS
Brining provides a great impact on the quality and yield of squid. The addition of CA helps lower the TVBN values of refrigerated squid. However, it showed a negative impact on texture and cooking yield due to the pH-lowering effect. The negative effects of CA may be counteracted by the addition of SC, which prevents excessive lowering of the pH and keeps the squid muscle hydrated, resulting in softer texture and better cooking yield. For the frozen squid, the addition of SC and PP helped improve the cooking losses caused by the freezing process. The optimal levels of additives for the refrigerated product were found to be 0.044 M CA, 0.20 M SC, and no PP or NaCl. For the frozen product, it was 0.20 M SC, 0.012 M PP, and no citric acid or NaCl.
